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Dwarf-spheroidal satellites: are they of tidal origin? 
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ABSTRACT 

The Milky Way and Andromeda must have formed through an initial epoch of sub- 
structure merging. As a result of fundamental physical conservation laws tidal-dwarf 
galaxies (TDGs) have likely been produced. Here we show that such TDGs appear, 
after a Hubble-time of dynamical evolution in the host dark-matter halo, as objects 
that resemble known dSph satellite galaxies. We discuss the possibility that some of 
the Milky Way's satellites may be of tidal origin. 
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1 INTRODUCTION 

Both large spirals of the Local Group, the Milky Way 
(MW) and Andromeda (M31), have faint satellite galax- 
ies within their virial radii. The number of known compan- 
ions steadily increased in the last two years, since more, 
very faint dwarf galaxies were d etected with the help of the 
Sloan Digital Sky Survey fSDSS. lYork et al.ll2000l): six newly 
disco v ered companions of the Milky Way dWillman et alj 
l2005l : iBelokurov et all 12006]; IZucker et all 120061) and five 



of Andromeda JZucker et ah! 120041 : IZucker et all 120061 ; 
IMartin et al.l 1200(1 ) were classified as dwarf spheroidal 
galaxies (dSph). The dSphs are by far the most numer- 
ous galaxies in the Local Group and the Universe as 
a whole, populating the very faint end of the galaxy 
luminosity function. Presently known, the MW has 19 
and M31 has 12 dSph satellites. Their spatial distri- 
bution is disc-like (certainly for the 11 brightest MW 
satellites; probably for M3 1) posing a challenge t o un- 
derstanding their origin (Kroupa, Thci s. fc Boilvl 120051 : 
IZentner et"ai1l2005l; ILibeskind et al.ll2005l; lYang et al.ll20061 : 
iKoch fc Grebell 120061 : iMetz. Kroupa. fc Jerienl |2006[) and 
suggesting correlated orbital angular mome nta (|Lvnden-Belll 
ll982l : |Palma. Maiewski. fc Johnstonll2002l ). 

Traditionally, dSph galaxies have mostly been thought 
to be dark-matter dominated objects, primordial subhaloes 
that captured enough gas to form stars and that they ap- 
pear today as very faint, extended and dark-matter domi- 
nated objects (e g..lwhite fc Reedli97sl ; IStoehr et al1l2002l : 
iRead. Pontzen. fc Vielll2006l ). As such they would be cosmo- 
logical hierarchical building blocks, subhaloes that have not 
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yet merged with their host haloes. The theoretical treat- 
ments differ though rather substantially, and correct pre- 
dictions have never emerged so far. The general approach 
is to perform hierarchical structure-formation calculations 
combined with an algorithm describing the dark-matter 
- luminous-mat ter bias, tuned to explain currently avai l- 
able data (e.g., ILibeskind et all 120051 : IMoore et all 120061 ). 
Inferred dark-matter profiles are, however, not consistent 
with the cold- dark-matter (CDM) concordance cosmolog i- 
cal hypothesis (|Wilkinson et al.ll2006l : iGilmore et al.ll2006l ). 
A possible alt ernative would be a warm dark-matter cos- 
mology (e.g., IMoore et al.l |2000 | ) or an altern ative gravi- 
tational theory (e.g., Brada fc Milgroml |2000| ). Based on 
their chemical enrichment, today's dSph galaxies are also 
excluded as major contributors to the Galactic stellar 
halo, since they have been born from pre-enriched m aterial 
|Unavane, Wvse. fc Gilmore]|l996] ; iHelmi et al.ll2006l ). 

A different possible origin for dwarf galaxies arises 
from fundamental physical processes, conservation of 
energy and angular momentum: the formation of 
tidal-dwarf galaxies (TDGs). already pointed out by 
IZwickvl in 1956, a pr ocess that is observed to occur 
in the local (e.g .. | Hunsberger 1 Charlton, fc Zaritskyl 
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Walter. Martin fc Ottl l2006t ) and distant Universe (e.g., 
IStraughn et al.l 120061 ). Interacting gas-rich galaxies throw 
out long, thin tidal arms of gaseous and stellar mate- 
rial which subsequently fragments, collapses and starts 
forming new stars. High-resolution images show young 
TDG candidates t o consist of star-cluster complexes 
l|jarrett et al.l [2006), a star- formation mode typical for 
intense star-bursts as is for example o n-going in the 
Antennae galaxies (|Whitmore et all [2005). Such cluster 
complexes typ i cally survive the first few hun dred Myr 
jKroupal [1998 ; iFellhauer fc Kroupal liM [2005), and can 
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evolv e into dSph-like objects currently known (|Kroupal 
Il997t) . 

The formation of TDGs is evide nt in simulations of 
gas-r ich g alaxy encounters as well jBarnes fc Hernquistl 
19921; Elmegreen. Kaufman, fc Thomasson 19931 ; 



Bournaud fc Dudl2006l;" Wctzstcin . Naab. fc Burkertj[2005f ). 
Recently iBournaud fc Dud (|2006l )" studied the formation 
and survival of TDGs produced in encounters of colliding 
galaxies with different mass ratia and encounter parameters 
of the progenitors using a particle-mesh code. The gaseous 
component was represented by sticky particles. They found 
that about one quarter of their TDG candidates were 'long 
lived' objects (> 2 Gyrs), which were predominately formed 
at the outermost regions of the tidal tails, and claimed that 
up to 10 per cent of the dwarf galaxy population may be of 
tidal origin. In their high-resolution simulations, including 
gas dynamics using a smoot h ed pa rticle hydrodynamics 
(SPH) code, IWetzstein et al.l 120051 ) showed that TDGs 
are dominated by the gas; dissipational hydrodynamics 
is crucial for their formation. Some TDG s may become 
intergalactic spam (Elmegr een et al.l I1993T) appearing a s 
ordinary dlrr galaxies ([Hunter. Hunsberger. fc Rovd 12000). 
TDGs may significantly contribu te to dwarf galaxy pop - 
ulations in dense environments: Iflunsberger et all (Il996l ) 
suggested that about half of the current dwarf galaxy 
pop ulation in compact groups could be of tidal origin, 
and lOkazaki fc Taniguchil (|2000l ) demonstrated that all dE 
galaxies in clusters can be of tidal origin under standard 
cosmological structure formation conditions. 

All simulations of tidal-dwarf formation predict low true 
mass-to-lig ht (M/L)t rue ratia, which is also evident from ob- 
servations l|Walter et al,l l2006). A low (A//L) truc ratio seems 
to contradict the observed mass-to-light ratia of the dSph 
satellites of the Milky Way, excluding them to be of tidal 
origin. However, it has already been shown that satellite 
galaxies may be out of virial equilibrium: due to close peri- 
galactic passages t hey can be significantly perturbed but 
not fully disrupted jKroupalll997l ; iKlessen fc Kroupa|[l998l ; 
iFleck fc Kuhnll2003h . Such objects show a number of prop- 
erties observed for Local Group dSph satellites, like internal 
substructures and irregular shapes. Recent observations also 
support the picture that tidal interac tion may pla y a key role 
in the evolution of satellite galaxies. ISohn et al.l (|2006l ) dis- 
coverd extra tidal features in Leo I, located at a distance of 
254 kpc from the MW centre. 

In this paper we p resent new results extending the re- 
sults of IKroupal (|l997l ). In Section 12.11 the simulations are 



Table 1. Properties of simulations: in the first column an identi- 
fier is given. The second column lists the total integration time, 
the third the initial galactocentric distance. In the forth and fifth 
columns the mean peri-galactic distance and the mean eccentric- 
ity of the orbits are given, respectively. 



simulation 


t 


'^init 


' peri 


ecc 




[Gyr] 


[kpc] 


[kpc] 




RS1-4 


8.8 


100 


15.9 


0.72 


RS1-5 


10.7 


100 


24.6 


0.59 


RS1-32 


5.5 


100 


3.9 


0.92 


RS1-64 


5.0 


100 


4.1 


0.92 


RS1-109 


8.8 


60 


9.1 


0.74 


RS1-113 


6.6 


60 


22.4 


0.46 


RS1-24-32 


11.0 


60 


25.6 


0.40 


RS1-24-64 


8.2 


60 


22.8 


0.44 



described and the results are presented in Section 12.21 In 
Section [3] we discuss the results and give some concluding 
remarks in Section 3] 



and the models represent TDGs that have bl own out their 
gas w ithin the first Gyr after their formation (Recc hTet al.l 
2006). They were allowed to relax before being injected into 
the host halo with an isothermal profile of total mass of 
2.85 x 1O 12 M , core-radius 5 kpc and cutoff radius 250 kpc 
with circular velocity v c — 220 km s -1 . The satellite galaxies 
started at a distance of 60 kpc and 100 kpc from the cen- 
tre of the host halo and were given different initial veloc- 
ities leading to different eccentricities of their orbits (see 
Table [TJ. The evolution was followed in a live halo. Every 
satellite evolves b y periodically losing matter at its peri- 
galactic passages (jPiatek fc Prvorlll995h until a stage was 
reached when the original satellite was nearly disrupted and 
has evolved into a quasi-stable remnant. For a detailed de- 
scription of t he initial set-up s of the satellite galaxies and the 
host halo see lKroupal (|l997l h The int egration was done usin g 
the particle- mesh code Superbox dFellhauer et al.l |2000| ). 
Properties of the sa tellite galaxies were comp ared with a di- 
rect N-body code (|Klessen fc Kroupalll998T ). showing that 
the results agree well. 

Observational parameters for the modelled satellite 
galaxies are derived in an automated manner as a virtual ob- 
server located in the disc would do: member stars are photo- 
metrically selected based on their projected position on the 
virtual sky. The line-of-sight velocity dispersion is derived 
within the half-light radius from which an apparent mass- 
to-light ratio (Af/L) bs is calculated under the assumption 
that the satellite ga laxy is in virial equilibrium . The statis- 
tical routines from iBeers. Flvnn. fc Gebhardtl (|l99dh were 
employed to ensure the velocity outliers are removed from 
these calculations. The absolute magnitudes Mv,r hi „ and 
Mv, ri/ , are determined within a fixed projected distance 
'"bin = 1.5 kpc and within the projected half-light radius, re- 
spectively. For a complete de scription and a detailed analysis 
of individual parameters see IKroupal (|l997l ). 



2 SATELLITE GALAXY MODELS 
2.1 The data 

The simulation s were carried out in an analog manner as in 
Kroupa (1997): satellite galaxies were set-up as Plummer- 
spheres, having masses of 10 7 Mq without dark-matter and 
initial absolute magnitudes Mv = —11.5 mag being repre- 
sented by 3 x 10 J particles. These values correspond to a 
true mass-to-light ratio (M/L)true = 3 for each particle, 



2.2 Results 

During their evolution the satellite galaxies change their ap- 
parent properties as determined by an observer. In Figure [T] 
the time evolution of the half-light radii and the appar- 
ent absolute magnitudes of two simulated satellites, RSI- 5 
and RS1-113, are shown. In the middle panel we addition- 
ally show the galactocentric distance of the satellites. Four 
snapshots, marked by the triangle symbols in Figure [T] were 
taken for each simulation at random time-steps during the 
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Figure 1. The time evolutions of half-light radius, galactocen- 
tric distance and absolute magnitude Afv,r bin of two simulated 
satellite galaxies, models RS1-5 (solid curves) and RS1-113 (dot- 
ted curves). The triangle symbols mark snapshot values derived 
at random time-steps during the last two completely simulated 
orbits. For the snapshots of My !rbiii , the absolute magnitudes 
within the half-light radius are given in addition, marked with tri- 
angles pointing upwards, the corresponding values are connected 
by the thin solid lines. 



last two complete orbits of each simulation. This ensures 
that we are not biased in the selection of the snapshots and 
the probability to 'observe' a satellite at a particular evolu- 
tionary phase (after the disruption) is p roportional to the 
life-time of this phase. As lKroupal (|l997t ) already noted, af- 
ter the disruption of the satellite galaxies a significant frac- 
tion of stars contributing to A/v,r bin of the quasi-stable rem- 
nant are 'extra-tidal' stars. As such Mv,r bin is most likely 
over-estimated. Therefore we also plot the absolute magni- 
tudes Mv.rj/2 within the half-light radii, marked by trian- 
gles pointing upwards, which may be considered as the lower 
limit for the absolute luminosities. 

In Figure [2] the absolute magnitude versus the half- 
light radius is shown for observational data: MW (cir- 
cles) and M31 (squ ares) dSph satelli t e gala xies. The same 
data are used as in iBelokurov et all <|2006h . their figure 8 
(Zucker, priv. comm.). For the four snapshots of each simu- 
lated satellite we show the two extreme values of the abso- 
lute magnitudes, Mv,r Wn (triangles pointing upwards) and 



r l/2 



(triangles pointing downwards), respectively. The 
corresponding values are connected by a thi n solid line in the 
right panel. For the dSph in Bootes (Boo: IBelokurov et al.l 
120061 ) two values for the absolute magnitude are given, con- 
nected by a thick, dotted line. The seco nd, more luminous 
value is taken from lMunoz et all (|2006al ) which was derived 
based on a comparison with UMa. In addition the develop- 
ment tracks of two simulated satellites (RS1-5 and RSI- 113) 
are shown in the right panel. The tracks start at the upper- 
left and evolve to the lower-right direction as the satellites 
become more extended and less luminous. It follows that 
all models evolve to the parameter region occupied by the 
observed satellites. 

Figure [3] shows mass-to-light ratio (in solar units) ver- 
sus absolute magnitude My of the observed Local Group 
dSph satellite galaxies and for the snapshots of the simu- 



Table 2. Observational properties of Local Group dSph galaxies. 
Where available in the literature we also give error estimates. 
References for My and (M/L)q are given in the last column, if 
two references are given, the first is for the absolute magnitude 
and the second for the mass-to-light ratio (see Figure [3). 

Name D [kpc] My [mag] (M/L) 



UMi 
Boo 

Scl 
Dra 
Sex 
Car 
UMa 
For 
Leo II 
Leo I 
And IX 
And II 
References: 



50.2 
57.6 

79.2 
82.0 
89.2 
102.7 
104.9 
140.1 
207.7 
254.0 
42 

185 

.Mateo 



1.9 
-7.5 
-5.8 
-11.1 
-8.8 
-9.5 
-9.3 
-6.75 
-13.2 
-9.6 
-12.3 
-8.3 
-1 1.3 
||1998|1 



250 
130 
610 

3 
440 

39 

41 +40 
^-25 

550 

4.4 

17 
5 0+1.6 



93 



c IMunoz et alj 

ll2006h; f IChapman et alj d2005f) ; 
h lEvans et alj J2005l> 



120 / 
-50 
21 + 14 9 

IMunoz et al 



Klevna et alj 11200511 



(2006a); 



Sohn et alj 



ICote et alj <1993ft ; 



lated satellites (My,r bin ), symbols being as in Figure [2] For 
the M W smaller, light symbols mark data taken from lMateol 
(1998) that were determined from central velocity disper- 
sions. The larger symbols mark more recent values as given 
in Table for Boo symbols are taken as in Figure [5] The 
dashed lines show the expected mass-to-light ratio if stars 
were embedded in dark-matter haloes of masses 1 x 10 7 Mq 
and 4 x 10 7 Mq, respectively (see also iMateoll 19981 ). 

The evolution tracks shown here for the simulated satel- 
lites now start at the lower-right end. In the course of time 
the satellites get fainter and more disturbed, leading to an 
increase in the apparent (M/L) b s while the particle value 
is constant (M/L) tT uo = 3 (M/L)q. 



3 DISCUSSION 

In Figures [1] - [3] it can be seen that dwarf satellite galaxies 
without dark-matter orbiting in massive host haloes span a 
wide range of observed properties. Energy is pumped into 
the satellite during peri-galactic passages because of the in- 
teraction with the Galactic tidal field leading to an expan- 
sion of the satellite. After the disruption of the initial galaxy, 
a quasi-stable remnant remains, that matches many of the 
observed properties of today' s dSph satellit e galaxies of the 
Milky Way and Andromeda (|Kroupalll997l ). While initially 
being identical objects, after several orbits the remnants can 
appear as objects having very different observed properties, 
depending on the eccentricities and peri-galactic distance of 
their orbits. Also during their life-time individual satellites 
may appear as having different properties during disruptive 
and subsequent relaxation phases. 

Figure [2] shows the simulated satellite galaxies to have 
similar half-light radii and absolute magnitudes as the Lo- 
cal Group dSph satellites, but to be about one or two mag- 
nitudes too bright compared to the latest additions from 
the SDSS. As the luminosity within r^ ln of the simulated 
satellites is likely to be overestimated, the true absolute 
luminosity a real observer would determine is likely to be 
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Figure 2. Absolute magnitude versus half-light radius for Globular Clusters (pentagrams), ultra compact dwarf galaxies (diamonds), 
Milky Way (circles) and Andromeda (squares) dSph satellite galaxies, and simulated satellite galaxies (triangles). For the observational 
data of the MW and M31, the dark symbols mark the recent additions to the known list of companions from the SDSS, while light 
symbol mark the longer-known dSph's. For the MW dSph galaxy in Bootes two values for the absolute magnitude are given (see text), 
the values are connected by a thick, dashed line. For the simulated data absolute magnitudes derived within a fixed projected distance 
r^in (dark triangles) and within the variable distance r-^i^ (light triangles) are shown. In the right panel, the region in the left panel 
marked by the dashed rectangle is enlarged. Corresponding absolute magnitude values for the simulated satellites are connected by light 
solid lines. The evolutionary tracks of the models RS1-5 (solid curve) and RS1-113 (dotted curve) are shown. 
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Figure 3. Mass-to-light ratio versus absolute magnitude for MW and M31 dSph satellite galaxie s, for references see Table[2] symbols are 
as in Figure [2] For the MW, the data marked with smaller light circles were taken from iMatecl <|l998h . others from more recent studies. 
The TDG models are shown as triangles using the same symbols as in the previous figures. See text for further details. 



somewhat lower. On the other hand, it is not clear whether 
the observed absolute luminosities of some of the very re- 
cently discove red dSph com p anions of the MW are not un- 
derestimated. iMufioz et all (|2006al ) compared the colour- 
magnitude diagrams of Boo and UMa, concluding that Boo 
must be at least twice as bright as UMa. This clearly shows 
that there is also a considerable uncertainty in the determi- 
nation of the absolute magnitudes of the observed very faint 
companion satellite galaxies. 

For the first few orbits, the satellites disperse only 
slowly, getting fainter, until they approach the state of near 
disruption. Then the observed mass-to-light ratio (M/L) b s 



increases very rapidly. Interestingly, the models qualitatively 
reproduce the trend interpreted to be a signature of an 
universal 10 7 Mq halo for all dSph satellites, indicated by 
the dashed lines in Figure [3] However, about half of the 
snapshot values lie significantly above the trend-lines. This 
can be understood since our automated, virtual observer 
is kind of naive. A thorough observer will carefully select 
the stars belonging to a satellite galaxy which will reduce 
unr ealistic values (M/L ) h s to a more realistic regime (see 
e.g. iMufioz et al.ll200 6b). but will still end up at too high 
(Af/L) bs ratios compared to the real mass-to-light ratio. 
In Figure [3] one can also identify a group of snapshot 
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data-points at Mv,r bin ~ —10 mag that have much too 
large (M/L) b s ratios, marked by lighter triangle symbols. 
These snapshots belong to the simulations RS1-32 and 
RS1-64 (while the darker symbols belong to the other six 
simulations), both having very radial orbits. This brings 
the satellites very close to the galactic disc, which is not 
considered in the simulations presented here. Having the 
additional highly non-spherical potential and the effects of 
disc shocking will considerably affect the properties of the 
satellites, also depending on the impact angle with the disc. 
This needs to be studied in much more detail in the future. 

The work presented here details the evolution of gas and 
dark-matter free satellite galaxies. But it has to be clarified 
in more detail how these objects can form and how many of 
them can con dense in tidal arms, wh ich is beyond the scope 
of this paper. Wet zstein et al.l (|2005l ) identified at least five 
very massive objects in their SPH simulation, the largest 
one, at the tip of the tidal tail, has a mass corresponding to 
~ 3.5 x 10 8 Mq if the progenitor gal axy is scaled to the size 
of the MW. IBournaud fe Dud (2006) found a mean produc- 
tion rate of somewhat more than six massive substructures 
(> 10 s Mq) formed in the tidal tails in their simulations. 20 
per cent of these objects survive for more than 2 Gyrs. Of 
the non-surviving ones about two-third fall back onto their 
host galaxies. The other one-third was considered in their 
simulation as destroyed because they dropped below a mass 
threshold of 10 s Mq . We argue that these objects should 
not be considered a priori as being completely destroyed. 
Instead, we have shown here that satellite galaxies of much 
lower mass may be identified on the sky and appear simi- 
lar to today's known dSph galaxies of the Milky Way. This 
leaves room for a number of tidal dwarf remnants, even for a 
low number of major i nteraction events. However, as already 
noted by the authors. IBournaud fc Duel did not account for 
the larger gas fra ction of galaxies in the early universe, while 
IWetzstein et alj used a gas fraction of 30 per cent, despite 
the different treatment of the gas (sticky particles vs. SPH) 
a further major difference in the models. A higher gas frac- 
tion may enhance the efficiency of TDG production. From 
the current simulations it is also unclear how many lower 
mass (< 10 8 Mq) TDG candidates form, but observations 
show that even today's interactions can form of the order 
of a dozen T DGs from a single enco unter (for example in 
AM 1353 272. IWeilbacher et al. 1 120001 ) . 

If some of the dSph galaxies of the MW were of tidal 
origin their genesis must have happened at an early time. In 
all well-studi ed dwarf spheroidals an old stellar population i s 
present (e.g. iGrebel fc Gallagher! I200I ; iTolstov et aTll2004) 
they do follow a metallicity -l uminosity relation (e.g. iMateo 
19981 ; Ivan den Berghl 1 19991 ; IGrebel. Gallagher, fc Harbeck 
20031) and have extended star fo rmation histories (e.g. 
Grebell2OO0l ; llkuta fc Arimotol2002T) . The latter two findings 
require that the galaxies maintained a considerable amount 
of gas for some time to continue star formation or laterturn it 
on again, and to retain the produced meta ls. Today they are 
almost gas free (|Gallagher fc Wvselll994h and do not show 
ongoing star formation. As such they m ust have developed 
from gas-rich galax ies to today' s dSph |Maver et al.l l200ll : 
iPasetto et ai1l2003l . but see also IGrebel et al.l 120031 ^ For a 
given metallicity, dSph galaxies have a luminosity 10 to 100 
times lower than dlrr galaxies (jGrebel et alj [20031 ), being 



consistent with initial TDGs that form from pre-enriched 
material los ing 90-99 per cent of their mass as a result of 
tidal forces dKroupall 19971 ). 

A common ancient stellar population in satellite galax- 
ies of tidal origin can be explained by considering that tidal 
dwarfs do not solely consist of stars born in star forma- 
tion events during and after their genesis, but additionally 
also o f old stars from the progenitor galaxy. lElmegreen et al.1 
( 1993) argued that a newly b orn TDG consists of ab out 40 
per cent old stars. Similarly, IWetzstein et al. I l|2005h found 
that about 30 per cent of the mass of their most massive 
TDG candidate is in old sta rs, while being bas ically void 
of dark-matter. Very recently iHelmi et al.l |2006) compared 
the metal-poor tails of the metallicity distribution of the 
MW halo and of four MW dSph satellites. While the dis- 
tributions were compatible among the dSph g alaxies, they 
signifi cantly differ compared to the MW halo. IHelmi et al.l 
(2006) conclude that the MW and the dSphs must have had 
different progenitors, since the dSphs are lacking very metal 
poor stars. If dSphs were of tidal origin, their oldest stars 
would consist of stars already pre-enriched in the progenitor 
galaxy. 

It is also noteworthy that despite the fact that all dSph 
galaxies are subject to very similar boundary conditions 
in the Local Group th ey show a gr eat diversity in their 
star formation histories (|Grebelll200(]| ). If they were primor- 
dial dark-matter halos filled with gas there must have been 
some sporadic external or internal events which triggered 
star-formation from time to time in the individual galaxies. 
It is also remarkable that a number of the dSph galaxies 
sho w internal structure or off-centred and twisted isophotes 
(e.g.lPalma et alj|2003l ; IWalcher et "ail2003l ; ICioni fc Habind 



120051 ) which is not expected if they are shielded by a mas- 
sive dark-matter halo. A further challenge of the notion 
of the suggested universal minimu m mass of some 10 7 M 
i|Matedll99Sl ; lGilmore et al.ll2006l ) would be the significant 
mass loss from the dark-matter halo due to the MW tides. 
Given the distorted inner morphology of most of the dSph 
satellites, why do they still have the same DM halo? Tidal 
mass-loss has been shown to be significant for such satellites 
l|Read et al.ll2006l ). However, this may not be a robust ar- 
gument because the minimum halo-mass concerns only the 
mass within the observed optical light: nothing outside the 
kinematic data is used; so original total masses are not rel- 
evant (Gilmore priv. comm.). On the other hand, a TDG 
population may very easily show very different evolution his- 
tories and internal structures, even if they were born in the 
same environment (Figures |T}{3} as they are not shielded by 
a massive DM halo. 



4 CONCLUDING REMARKS 

The results presented here are a consequence of Newtonian 
dynamics under the assumption that the Milky Way has 
a massive dark-matter halo. Assuming the MW and M31 
were assembled from smaller gaseous proto-galaxies, TDGs 
will likely have been born in this early build-up epoch. 

Here we place typical TDGs into a MW-type host dark- 
matter halo and find that after a Hubble-time the TDGs 
appear very similar to dSph satellites for a large variety of 
orbits. However the understanding of the end stages needs 
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to be improved by higher-resolution simulations thereby ad- 
dressing the scatter of the model satellites evident in Figs.rjJ- 
[3] Also, the influence of the gravitational potential and 
shocking of the galactic disc needs to be studied. A com- 
plete picture of TDG formation and evolution may only be 
achieved if high-resolution simulations of DM, stars, and gas 
are combined with suitable star-formation and stellar feed- 
back models. 

// some of the Milky Ways satellite galaxies are of 
tidal origin, very careful inspection may b e needed to iden- 
tify them: they would con tain old stars (lElmegreen et all 
ll993l : IWetzstein et alj|2005h. may hav e had long lasting star- 
formation epochs (jHunter et aL 2000) and appear very sim- 
ilar as today's dSph galaxies "l|Kroupa!l 19971 ; this work). One 
way to identify dSphs of a common tid al origin is to look 
for strong correlat i ons of satell i te orb its (iLvnden-Bellll 19761 ; 
IPalma et ail |2002| ; iMetz et al1l2006l ). an entirely indepen- 
dent line-of-evidence. 

As a final cautionary note: it may be useful to keep 
in mind that if Newtonian dynamics is not the correct 
physical description for galactic problems (e.g. lMateo|[l998l ; 
lFamaev~fe Binncv 2005) then the overall picture considered 
here would remain correct (dSph may be old TDGs) , but the 
interpretation of the dSph galaxies as ob jects in dynamical 
equilibrium (e.g. iBrada fe Milgromll2000l ) or as phase-space 
remnants (this work) would need revision. 
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